Results from studies on the domestication process of Asian rice Oryza sativa have been controversial because of its complicated evolutionary history. Previous studies have yielded two alternative hypotheses about the origin(s) of the two major groups of O. sativa: japonica and indica. One study proposes a single common wild ancestor, whereas the other suggests that there were multiple domestication events of different types of wild rice. Here, we provide clear evidence of the independent domestication of japonica and indica obtained via high-throughput sequencing and a large-scale comparative analysis of two wild rice accessions (W1943 and W0106) and two cultivars (a japonica cultivar called ''Nipponbare'' and an indica cultivar called ''Guangluai-4''). The different domestication processes of the two cultivar groups appear to have led to distinct patterns of molecular evolution in protein-coding regions. The intensity of purifying selection was relaxed only in the japonica group, possibly because of a bottleneck effect. Moreover, a genome-wide comparison between Nipponbare, Guangluai-4, and another indica cultivar (93-11) suggests multiple hybridization events between japonica and indica, both before and after the divergence of the indica cultivars. We found that a large amount of genomic DNA, including domestication-related genes, was transferred from japonica to indica, which might have been important in the development of modern rice. Our study provides an overview of the dynamic process of Asian rice domestication, including independent domestication events and subsequent gene flow.
Introduction
The Asian cultivated rice Oryza sativa is one of the world's major cereal crops. It is widely distributed from tropical to temperate zones and grows in various conditions of water availability (Morishima et al. 1992) . It contains a number of groups, including japonica and indica, which may have been domesticated from the wild progenitor O. rufipogon approximately 9,000 years ago (Chang 1976) . Rice domestication is considered to have been a dynamic process (Sang and Ge 2007) , with continuous gene exchange between the diverse groups of O. sativa Kovach et al. 2009; Takano-Kai et al. 2009; Zhao et al. 2010 ) and between O. sativa and O. rufipogon facilitated by the absence of any apparent reproductive barriers (Oka 1988) . Therefore, it is of particular interest to identify which genes have introgressed among species and varieties and to reveal how the present-day genome arose because genes introgressed might have important functions that could be used for future breeding. Here, we present RNA-seq data from two different O. rufipogon varieties and summarize the processes of Asian rice evolution and cultivation.
The origin of Asian rice domestication has long been controversial. Two alternative hypotheses have been proposed to account for the existence of divergent groups such as japonica and indica (Morishima et al. 1992; Sang and Ge 2007) .
The diphyletic hypothesis suggests that japonica and indica were domesticated independently from different ecotypes of O. rufipogon. This hypothesis is supported by several lines of evidence that show that japonica and indica are more closely related to different O. rufipogon accessions than they are to each other (Kovach et al. 2007; He et al. 2011) . The japonica group is more closely related to the perennial O. rufipogon, whereas indica is more closely related to the annual O. rufipogon. Moreover, the estimated divergence time of indica and japonica predates the date of domestication (Kovach et al. 2007) , also supporting the diphyletic hypothesis. Conversely, the monophyletic hypothesis proposes that Asian cultivated rice arose from a single wild rice lineage and then diverged into several groups, including japonica and indica (Morishima et al. 1992; Sang and Ge 2007) . Several studies supporting the monophyletic hypothesis indicate that O. sativa had a single origin from within a region of the Yangtze River valley and that japonica may have arisen subsequently from indica (Lu et al. 2002; Gao and Innan 2008; Vaughan et al. 2008; Molina et al. 2011) . However, some recent large-scale sequencing studies have yielded conflicting results (He et al. 2011; Molina et al. 2011 ); hence, decisive evidence to support either hypothesis is lacking. Therefore, in this study, we examined particular groups of O. rufipogon and investigated the phylogenetic relationships between wild and cultivated rice.
One of the challenges in reconstructing an accurate phylogeny of rice is that several different gene tree topologies are supported when examining a large number of genes (Zou et al. 2008; Cranston et al. 2009; Molina et al. 2011; Yang et al. 2011 ). This inconsistency of gene trees, called gene tree discordance, may primarily be due to incomplete lineage sorting (Maddison 1997; Wendel and Doyle 1998; Degnan and Rosenberg 2009) . The probability of observing incomplete lineage sorting is expected to be high when speciation events occur within a short time period or if the effective population size is large (Nei 1986 ). In addition, hybridization can lead to substantial gene tree discordance. In fact, many introgressed regions have been identified between japonica and an indica cultivar 93-11, suggesting that hybridization events are not negligible in rice (Yang et al. 2011) . In the present study, we address both incomplete lineage sorting and hybridization in our analysis of high-throughput sequencing data from rice.
To investigate the domestication and evolution of Asian rice from a genome-wide perspective, we examined the transcriptomes of two O. rufipogon accessions and compared them with japonica and indica genomes to reconstruct the evolution of genic regions. To achieve this goal, we chose two different accessions of O. rufipogon, which are thought to be closely related to japonica and indica, respectively (Monna et al. 2006; Xu et al. 2007; Lu et al. 2008) : perennial accession W1943 sampled in Jiangxi, China (Gao and Hong 2000; Lu et al. 2008) , and annual accession W0106 sampled in Orissa, India (http://www.shigen.nig.ac.jp/rice/oryzabase/ wild/coreCollection.jsp). Furthermore, to elucidate differences in the evolutionary process, we compared the intensity of selection between cultivars and wild rice. Our data yield an overview of the evolutionary history of Asian rice. The two groups of wild rice and the japonica and indica cultivars exhibit complex patterns of evolution, including a history of continuous gene flow between japonica and indica cultivars, which might be related to important domestication events. The distinct patterns of molecular evolution in genic regions of japonica and indica are also discussed.
Materials and Methods

Sample Preparation
Wild rice accessions W1943 and W0106 of O. rufipogon were cultured following protocols obtained from Oryzabase (http://www.shigen.nig.ac.jp/rice/oryzabase/nbrpStrains/nig Protocol.jsp). Seeds of W1943 and W0106 were treated at 45°C for 10 days in order to break dormancy. The treated seeds were dehulled, sterilized with a fungicidal reagent, and grown for one week. All 1-week-old seedlings were subjected to RNA extraction using the RNeasy Plant Mini Kit (Qiagen, Valencia, CA). The cDNA libraries for RNA sequencing were constructed using the mRNA-seq Kit (Illumina Inc., Hayward, CA).
Sequence Data
The libraries were loaded into five lanes of the Illumina Genome Analyzer for 36-bp single-end read sequencing, following the manufacturer's protocols. Sequence read data are available from the DDBJ Sequence Read Archive, with accession numbers DRA000438 (W1943) and DRA000439 (W0106). Nucleotides with a quality score less than 20 in the 5'-and 3'-termini were removed by a customized program. The adaptor sequences were trimmed by FASTX_Toolkit (http://hannonlab.cshl.edu/fastx_toolkit/ index.html). Reads shorter than 20 bp were discarded from the data sets.
For comparative sequence analyses, short Illumina reads of the indica cultivar Guangluai-4 (Huang et al. 2010) were retrieved from the EBI Sequence Read Archive (accession number ERP000235) and trimmed using the method described above. Reads shorter than 32 bp were removed.
Estimation of Expression Levels
The expression level of each gene was measured as reads per kb per million reads (RPKM), which is calculated for a gene as the number of mappable reads covering the gene's exons divided by the value of the total number of mappable reads multiplied by the sum of the length of the gene's exons (Mortazavi et al. 2008) . To estimate the difference in expression level between W1943 and W0106, we subtracted the RPKM value of W0106 from that of W1943 for each gene. An R package DESeq (Anders and Huber 2010) was also used to identify differentially expressed genes between W1943 and W0106 with statistical significance.
Genome-Wide Alignment
The build 5 assembly of O. sativa (japonica cultivar Nipponbare) (International Rice Genome Sequencing Project 2005) was used as a reference sequence. We generated a genome alignment of japonica and the BGI-RIS assembly of indica cultivar 93-11 (Yu et al. 2002) using LASTZ (http:// www.bx.psu.edu/;rsharris/lastz/) with parameters of ydrop 5 3,400 and inner 5 2,000 (Sakai and Itoh 2010) . The short reads of Guangluai-4, W1943, and W0106 were mapped onto the japonica genome using BWA version 0.5.9 . Only uniquely mapped reads were used to construct alignments, using the mpileup function of SAMtools version 0.1.16 ). To discard sequencing errors, we picked up the aligned sites covered by two or more reads of the RNA-seq data. As the Guangluai-4 sequence data set had deeper coverage than our RNA-seq data, we used a strict criterion to eliminate sequencing errors; only those aligned sites covered by five or more reads were selected. Sites that contained ambiguous or heterogeneous nucleotides were also removed. The positions of coding and untranslated regions were transferred from the japonica-representative transcripts annotated by the Rice Annotation Project (Itoh et al. 2007; Tanaka et al. 2008) to the aligned nucleotides. To avoid misalignments near the intron-exon boundaries, only sequences aligned to the exonic regions were used. A multiple sequence alignment consisting of japonica, Guangluai-4, W1943, and W0106 and a second multiple sequence alignment consisting of japonica, Guangluai-4, and 93-11 were generated. Yang et al. · doi:10.1093/molbev/msr315 
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Estimation of Sequencing Errors
Sites covered by two or more reads were used for error estimation. If a site contained heterogeneous nucleotides, those nucleotides that differed from the major ones were considered errors. To estimate sequencing error rate, the sum of all the errors was divided by the total number of nucleotides examined. The error rates were 3.6 Â 10
À3
for Guangluai-4, 3.2 Â 10 À3 for W1943, and 3.6 Â 10
for W0106. Because the sites supported by two or more reads were used for SNP detection, the probability that a nucleotide difference was detected erroneously was approximately 10
À5
. This value is much smaller than group-specific changes estimated in this study. Therefore, sequencing errors are unlikely to have affected our results.
Sequence Analyses
The tree topology was constructed using maximum parsimony at each aligned site of the multiple alignment of the four varieties. A nonoverlapping 1-kb window was used to investigate nucleotide differences between multiple alignments. Potentially introgressed regions between japonica and indica were defined as previously described (Yang et al. 2011) . To identify the direction of introgression, nucleotide differences between O. sativa (japonica and indica), and O. rufipogon (W1943 and W0106) were calculated within each potentially introgressed region. For example, if a genomic region was transferred from japonica to indica, the nucleotide difference of this region between japonica/ indica and W0106 should be significantly larger than that between japonica/indica and W1943 (supplementary fig. S1 , Supplementary Material online). Significance was evaluated for both japonica-O. rufipogon and indica-O. rufipogon pairs using the binomial test: if both cases were significant, the direction was considered significant. In this way, the direction of introgression was determined by comparing the numbers of differences between the cultivars and W1943 or between the cultivars and W0106.
The Nei-Gojobori method (Nei and Gojobori 1986) was used for estimating the number of synonymous (d S ) and nonsynonymous (d N ) changes per site between two sequences. The branch length leading to each group was estimated by the least squares method. For statistical tests of branch lengths and their ratios, bootstrap tests of 1,000 replicates were employed.
Results
Similar Gene Expression in Two Diverse O. rufipogon Accessions
We obtained 30,912,469 reads from W1943 (perennial O. rufipogon) and 29,066,829 reads from W0106 (annual O. rufipogon). We mapped 23,412,579 reads from W1943 to the japonica genome, which covered 31,292 genes annotated in RAP-DB and 23,504,304 reads from W0106, covering 29,681 genes. The average nucleotide difference between japonica and W1943 was 1.59 per kb, and the average difference between japonica and W0106 was 3.09 per kb. The average difference between the O. rufipogon accessions was 3.13 per kb. These distances suggest that japonica is more closely related to the perennial accession, W1943, than to W0106.
Although the transcriptomes of the two accessions were sampled under the same conditions, there may be differences in expression levels between their corresponding transcripts. Therefore, differences in RPKM values and mapped reads between the two transcriptomes were examined gene-by-gene. We found that most genes showed similar expression levels between these diverse O. rufipogon accessions (supplementary fig. S2 , Supplementary Material online). A statistical test indicated merely 0.3% were differentially expressed (supplementary fig. S2B , Supplementary Material online). Next, we turned our attention to differences in expression level between genes within species because such differences could potentially lead to biases of the transcript sets used in this study. Among the japonica genes annotated in RAP-DB, 28,418 (81.7%) were covered by both accessions. To further evaluate whether the genes with detected expression levels were functionally biased, we classified them into several categories according to their molecular functions in the Gene Ontology hierarchy. We found that the composition of functions of expressed genes in O. rufipogon was similar to that of the annotated genes of japonica (supplementary fig. S3 , Supplementary Material online). Thus, there seems to be little functional bias in our transcriptome data sets, suggesting that the data can be considered representative of all genes.
Molecular Evidence of the Independent Domestication and Hybridization of Rice
A branching pattern of a tree topology can be determined at each parsimony-informative site among closely related sequences in which multiple substitutions or mutations are negligible (Nei and Kumar 2000) . From 6,142,852 sites of our alignment of japonica, indica, W1943 and W0106, we found 8,868 parsimony-informative sites. In the case of four lineages, three unrooted tree topologies are possible; although the parsimony-informative sites are expected to yield a correct topology, the other two minor topologies should also be considered as they could reflect incomplete lineage sorting (Nei 1986; Pamilo and Nei 1988) . If japonica and indica share a single origin, a tree with these two groups as sister taxa should be most strongly supported. However, most sites (7,032; 79.3%) indicate that japonica and W1943 are most closely related to each other. In addition, 17.2% (1,527 sites) identify japonica and indica as sister taxa, with the remaining 3.5% (309 sites) grouping japonica and W0106 as sister taxa (table 1). The bestsupported tree topology supporting japonica and W1943 as sister taxa is predominant in most of the chromosomal regions (red bars in fig. 1A and supplementary fig. S4 , Supplementary Material online) and should represent the most likely phylogeny of these four groups. These results strongly suggest that japonica was domesticated from a group of perennial O. rufipogon, whereas indica was likely domesticated independently from a group of annual O. rufipogon.
Evolutionary History of Asian
In an ideal case, incomplete lineage sorting should result in a similar number of trees in the two minor tree topologies (Nei 1986; Pamilo and Nei 1988 fig. 1A  and supplementary fig. S4 , Supplementary Material online). Gene introgression events could account for this pattern. In fact, previous genome-wide comparisons between japonica (Nipponbare) and another indica cultivar (93-11) indicate past hybridization between these two cultivar groups (Feltus et al. 2004; Yang et al. 2011 ). We therefore hypothesized that those regions exhibiting high relatedness between japonica and indica may reflect past hybridization between them and/or between two wild groups. To test this hypothesis, we counted the number of nucleotide differences between japonica and indica and between W1943 and W0106, within the aligned sites. If introgression has occurred recently, some almost-identical regions should be observed. As expected, we found several low-diversity regions between japonica and indica, consistent with the regions of the ([J, I], [W1943, W0106]) tree topology ( fig. 1A) . In contrast, no such regions were identified between W1943 and W0106 ( fig. 1B and supplementary  fig. S4, Supplementary Material online) . This pattern may reflect the different areas in which the two wild rice accessions were sampled: W1943 is from China, whereas W0106 is from India; therefore, there may have been fewer opportunities for gene flow between them. To further investigate this hypothesis, we removed the parsimonyinformative sites located in potentially introgressed regions of japonica and indica ( fig. 2 and supplementary fig. S5 , Supplementary Material online). We found the number of ([J, I], [W1943, W0106]) topologies was greatly reduced (P 5 3.7 Â 10 À5 , binomial test), whereas the numbers of the other tree topologies remained approximately the same (table 1) . Taken together, these results suggest that, among the groups examined in this study, hybridization has occurred only between japonica and indica.
Gene Flow from japonica to an Ancestor of indica
Guangluai-4 was previously suggested to be a genuine indica cultivar (Mei et al. 2007 ), while 93-11 has a japonica ancestry (Mei et al. 2007; Yang et al. 2011 ). However, analyses of the tree topologies and nucleotide differences in this study clearly show that hybridization occurred between japonica cultivar(s) and Guangluai-4. As any ancestors of Gunagluai-4 and 93-11 have not been crossed in the available pedigrees, hybridization event(s) may have occurred before the divergence of these two indica cultivars, which have an ambiguous evolutionary relationship. If this hypothesis is correct, Guangluai-4 and 93-11 should MBE share similar regions with low-nucleotide diversity, whereas independent hybridization events following divergence should result in distinct patterns of low-diversity regions. We performed window analysis to compare the distances between japonica and Guangluai-4 (d j-GLA4 ) and between japonica and 93-11 (d j-9311 ). We expected that the distances between most of corresponding windows would be similar because indica cultivars are equally distantly related to japonica. Thus, an x-y plot with d j-GLA4 and d j-9311 as the coordinates should reveal most dots clustered around the diagonal line. As expected, we found that d j-GLA4 and d j-9311 were similar in most cases ( fig. 3A) . Interestingly, we observed a large number of windows with both d j-GLA4 and d j-9311 near zero ( fig. 3B ), indicating that a significant number of low-diversity regions are shared between Guangluai-4 and 93-11. Therefore, it is probable that some hybridization events occurred before the two indica cultivars diverged. In addition, the genomewide alignment suggests that group-specific hybridization event(s) may have occurred. The dots near the x axis represent low-diversity regions between japonica and 93-11, whereas those near the y axis represent those between japonica and Guangluai-4 ( fig. 3A) . These group-specific low-diversity regions may reflect recent hybridization event(s) and/or the independent fixation of introgressed regions from a single event predivergence.
If japonica and indica hybridized in the past, which group was the donor and which was the recipient? To identify the direction of gene flow, we calculated the number of nucleotide differences in the potentially introgressed regions between the cultivars and wild rice accessions. We then compared the numbers of the differences to infer direction (supplementary fig. S1 , Supplementary Material online). In many cases, introgressed regions were more closely related to W1943 than to W0106 ( fig. 2 and supplementary  fig. S5 , Supplementary Material online), indicating that these regions passed from japonica to indica; however, a small number of cases suggests gene flow in the opposite direction ( fig. 2 and supplementary fig. S5 , Supplementary Material online). As we used a 5% significance level, hundreds of thousands of bases of indica-to-japonica introgression detected (table 2) may be false positives. Thus, it seems that gene flow was largely unidirectional, from japonica to indica.
We also investigated agronomically important trait loci within potentially introgressed regions, some of which have been suspected to be the result of hybridization Kovach et al. 2009; Takano-Kai et al. 2009; Zhao et al. 2010) . We found that dwarf11 in chromosome 4, Moc1 in chromosome 6, and PROG1 and Rc in chromosome 7 can be mapped onto the potentially introgressed regions ( fig. 2 ). Moc1 and PROG1 were mapped to the regions showing red bars, indicating that these genes passed from japonica to indica.
Genome-Wide Relaxation of Purifying Selection in japonica
As japonica and indica were likely domesticated independently, past selective pressures on these groups may have differed between them. In particular, protein-coding regions may have undergone different intensities of selection. To investigate this possibility, we compared the ratios of nonsynonymous (d N ) to synonymous (d S ) substitutions of japonica, indica, W1943 and W0106. First, we detected 2,429 japonica-specific, 3,096 indica-specific, 3,247 W1943-specific and 4,848 W0106-specific nucleotide substitutions among 4,841,151 aligned sites in the coding regions. Next, we removed potentially introgressed regions in which evolutionary/domestication history and selective pressures are expected to differ from those of other regions. After discarding potentially introgressed regions, we identified 2,354 group-specific nucleotide changes in japonica, 3,029 in indica, 2,823 in W1943, and 3,764 in W0106. Finally, we estimated d N and d S for each group (table 3). The japonica group had a significantly larger d N /d S value than its close wild relative, W1943 (P , 0.0001, t-test), whereas no significant difference was observed between the indica group and W0106 (P 5 1.0, t-test). Both d N and d S were smaller in japonica and indica than in W1943 and W0106, respectively (table 3); these decreased values may reflect regions of introgression between japonica and indica that were undetectable by our method. In fact, the proportions of the two minor trees were not identical even after the removal of potentially introgressed regions (table 1), which suggests that d N and d S may have been underestimated in the japonica and indica groups.
The elevated d N /d S value in the japonica group probably reflects selection for specific genomic regions during domestication. If so, distinct patterns in amino acid substitutions are expected in japonica. We compared amino acid substitution patterns of japonica and W1943 using four different classifications based on the physicochemical properties of amino acids (Zhang 2000; Hanada et al. 2006 Hanada et al. , 2007 . We detected 1,122 and 1,204 group-specific amino acid substitutions in japonica and W1943, respectively and generated substitution matrices (supplementary table S1, Supplementary Material online). However, contrary to expectation, the substitution patterns of japonica and W1943 were very similar, and no statistically significant differences were observed between any of the four classifications (supplementary table S2, Supplementary Material online). These data suggest that the elevated d N /d S ratio in japonica was caused by a genome-wide effect rather than by varying effects of selection on individual genes.
Discussion
Our analyses of a large-scale sequence data set, representing two major groups of rice cultivars and two wild rice accessions, provide clear evidence that japonica and indica were domesticated independently from different wild progenitor groups. In this study, we showed that if a genomewide multiple alignment is used, a simple analysis can solve a complex phylogenetic problem, such as gene tree discordance (Degnan and Rosenberg 2009) . Furthermore, relatively ancient hybridization between japonica and indica appears to have occurred before the divergence of indica cultivars, whereas no hybridization appears to have occurred between geographically separated O. rufipogon Sweeney et al. 2007; Kovach et al. 2009; Takano-Kai et al. 2009; Zhao et al. 2010) , were transferred from japonica to indica. Our findings indicate that many genes (more than 20 Mb in total) were transferred. Most introgression events appear to have been unidirectional, with gene flow from japonica to indica, whereas the genetic contribution of indica to japonica appears limited.
Although we found evidence of hybridization between japonica and indica, it might not have been a single event.
In fact, Guangluai-4-specific and 93-11-specific low-diversity regions were observed ( fig. 3A) . Although the independent fixation of introgressed regions from hybridization event(s) preceding divergence is possible, it was previously reported that 93-11 has a japonica ancestor that arose approximately 100 years ago (Mei et al. 2007; Yang et al. 2011) . Therefore, some low-diversity genomic regions shared between the indica cultivar 93-11 and japonica may be due to relatively recent hybridization event(s). However, we were unable to identify recent japonica ancestors in the pedigree of Guangluai-4 (Mei et al. 2007) , allowing for the possibility that almost all the low-diversity regions of Guangluai-4 were introgressed from japonica before Guangluai-4 and 93-11 diverged. Although hybridization events may have occurred continuously between different groups, only two major events of gene flow are evident from our data, suggesting that a large number of genes were transferred from japonica to indica in a limited number of events. In this study, we were able to conduct detailed examinations of wild and cultivated rice, but the O. sativa complex contains many additional groups, such as tropical japonica and other wild species (Vaughan and Morishima 2003) . We anticipate that a detailed history of gene flows can be constructed by incorporating the genome sequences of these other species.
Our analyses indicate that two domestication-related genes, PROG1 and Moc1, were introgressed from japonica to indica. PROG1 plays an important role in erect growth, a key transition in the process of rice domestication (Jin et al. 2008; Tan et al. 2008 ). This gene is almost identical in japonica and indica, which supports the hypothesis of a single origin (Molina et al. 2011) ; however, another recent study suggests that the gene was transferred by hybridization (He et al. 2011) . Our data clearly supported the latter scenario: the high similarity of PROG1 is due to introgression. The other gene, Moc1, which regulates rice tilling, is important in grain production (Li et al. 2003) . It was found previously that the genomic regions near Moc1 are almost identical in japonica and indica (Lu et al. 2009 ). The upstream and downstream regions of the low-diversity region around Moc1 (fig. 2) show much greater nucleotide differences. Our results suggest that the chromosomal colinearity and high similarity of genes found within this low-diversity region are also the consequence of introgression from japonica to indica. The presence of these domestication-related genes in potentially introgressed regions may suggest a pattern of domestication of rice: the identification and selection of domestication-related gene in one group of rice followed by introgression into other groups in distant regions, such that today we observe the same genes worldwide.
As domestication appeared to occur independently in japonica and indica, these groups should have been subjected to different selective pressures. Our data suggest that the higher d N /d S ratio in the japonica group may reflect relaxed genome-wide selection after bottleneck(s). However, a previous study of Nipponbare and 93-11 found similar d N /d S values in the japonica and indica groups (Lu et al. 2006 ). This inconsistency may reflect sequencing errors in 93-11, which have the potential to greatly influence the results of analyses of small nucleotide changes. In our study, we used the latest version of the Nipponbare genome, which has a low sequencing error rate (10 À5 per site), and the sequences of Guangluai-4 with the support of five or more short reads; therefore, any effects of error should have been negligible in our analysis. Another possibility is Rc, Waxy, sdr4, GS3, etc. that hybridization may have affected the estimation of d N and d S . Some introgressed regions were not completely removed by our method (table 1) . However, differences in d N /d S among the groups tended not to change following the removal of potentially introgressed regions (table 3 and  supplementary table S3 , Supplementary Material online). Therefore, it seems unlikely that either sequencing errors or hybridization affected our results.
Several lines of archaeological evidence have indicated that there were two centers of early rice cultivation: one is in the Middle or Lower Yangtze, China, and the other is in the Middle Ganges valley, India (Fuller 2007) . In this study, W1943 was sampled in Jiangxi, China , which is in the area of the Middle Yangtze, whereas W0106 was sampled in eastern India. This geographical information and evolutionary relationships between W1943 and japonica and between W0106 and indica suggest that Yangtze might be the origin of japonica cultivation, whereas indica might have been domesticated in India, as proposed previously (Khush 1997; Crawford and Shen 1998) . However, for decisive evidence of this hypothesis, further genome-wild investigation of more wild accessions should be vital.
In this study, we presented an overview of the history of Asian cultivated rice, which includes complicated patterns of gene flow among groups (fig. 4) . The wild ancestors of japonica and indica may have arisen from divergent subpopulations of O. rufipogon. During the independent domestications of japonica-like (perennial) and indica-like (annual) O. rufipogon, domestication-related genes appear to have been artificially selected for in both japonica and indica. Later, in an early stage of domestication, some useful japonica genes were introduced to indica, possibly by humans. This series of artificial selection and hybridization created the Asian rice cultivars observed today. Genes found in the regions transferred between japonica and indica should be correlated with important traits; therefore, examination of these genes may prove informative for future breeding efforts.
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